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http:WHAT THIS PAPER ADDS
The present results demonstrate for the ﬁrst time, that in AAA locally acting biomechanical loads (stress and
strain) are compensated for by increased synthesis of collagen and proteoglycans with increased failure tension
of the AAA wall. These ﬁndings conﬁrm the presence of adaptive biological processes to maintain the me-
chanical stability of AAA wall.Objective: Little is known about the interactions between extracellular matrix (ECM) proteins and locally acting
mechanical conditions and material macroscopic properties in abdominal aortic aneurysm (AAA). In this study,
ECM components were investigated with correlation to corresponding biomechanical properties and loads in
aneurysmal arterial wall tissue.
Methods: Fifty-four tissue samples from 31 AAA patients (30_; max. diameter Dmax 5.98  1.42 cm) were excised
from the aneurysm sac. Samples were divided for corresponding immunohistological and mechanical analysis.
Collagen I and III, total collagen, elastin, and proteoglycans were quantiﬁed by computational image analysis of
histological staining. Pre-surgical CT data were used for 3D segmentation of the AAA and calculation of
mechanical conditions by advanced ﬁnite element analysis. AAA wall stiffness and strength were assessed by
repeated cyclical, sinusoidal and destructive tensile testing.
Results: Amounts of collagen I, III, and total collagen were increased with higher local wall stress (p ¼ .002, .017,
.030, respectively) and strain (p ¼ .002, .012, .020, respectively). AAA wall failure tension exhibited a positive
correlation with collagen I, total collagen, and proteoglycans (p ¼ .037, .038, .022, respectively). a-Stiffness
correlated with collagen I, III, and total collagen (p ¼ .011, .038, and .008), while b-stiffness correlated only with
proteoglycans (p ¼ .028). In contrast, increased thrombus thickness was associated with decreased collagen I, III,
and total collagen (p ¼ .003, .020, .015, respectively), and AAA diameter was negatively associated with elastin
(p ¼ .006).
Conclusions: The present results indicate that in AAA, increased locally acting biomechanical conditions (stress
and strain) involve increased synthesis of collagen and proteoglycans with increased failure tension. These
ﬁndings conﬁrm the presence of adaptive biological processes to maintain the mechanical stability of AAA wall.
 2015 European Society for Vascular Surgery. Published by Elsevier Ltd. All rights reserved.
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Interaction between biomechanical and biological factors in
the pathogenesis of human abdominal aortic aneurysm
(AAA) has often been postulated but not quantitatively
demonstrated, and remains to be elucidated. It is hypoth-
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//dx.doi.org/10.1016/j.ejvs.2015.03.021with non-physiological mechanical conditions exerted by
blood pressure, lead to progressive vessel expansion,
aneurysm formation, and ﬁnally rupture.1e4 Increased me-
chanical stress and strain in the vessel wall per se may
induce biological alterations in ECM turnover and remod-
eling of the aortic wall. Thereby, not only degenerative but
also compensatory changes in the vessel wall may be ex-
pected. For other cardiovascular disorders such processes
have already been shown in vitro,5 but at present not in the
human blood vessel wall and in particular not in AAA.
Furthermore, material properties such as stiffness,
strength, and failure tension of the load bearing vessel wall
are determined predominantly by the quantity and func-
tionality of various extracellular matrix (ECM) components
Table 1. Baseline characteristics of patients.
Number of patients 31 (30 _, 1 \)
Age, years 70.1  7.9 (range 60e80)
Max AAA diameter, cm 5.98  1.42 (range 4.5e8)
Associated disease n/%
Chronic kidney disease 6/20.7
Hypertension 19/62.1
Diabetes mellitus 6/20.7
Coronary heart disease 14/44.8
Smokers 22/72.4
Medication %
ASA 69.0
Statins 48.3
ACE inhibitors 31.0
Beta blockers 62.1
168 F. Tanios et al.such as collagen, elastin, and proteoglycans.6e9 For AAA
formation, an imbalance between degradation and synthesis
of ECM components has already been described histopath-
ologically.8 However, for methodological reasons, neither the
role of the acting mechanical conditions in ECM composition
and remodeling, nor the impact of ECM composition on the
material properties of AAA wall have been evaluated in vivo
so far.10e12 Still, not enough is known about the macroscopic
mechanical behavior of the AAA wall in correlation with the
composition of ECM within the vessel wall.7 Moreover, at
present it is speculated whether mechanical stress and strain
are causative for adaptive or degenerative changes in the
ECM composition of the AAA wall.
Meanwhile, the local mechanical loads acting on the AAA
wall can be calculated realistically by ﬁnite element analysis
(FEA), and the macroscopic mechanical properties of AAA
wall can be measured experimentally.13e17
In this study, the acting mechanical stresses and strains
were calculated, speciﬁc morphological AAA parameters
assessed, and the local mechanical properties of the AAA
wall were measured by means of tensile testing and
analyzed in comparison with the corresponding and un-
derlying local ECM composition.
METHODS
Study population and tissue sampling
Fifty-four tissue samples were collected from 31 AAA patients
undergoing open surgical repair. Detailed patient characteris-
tics are summarized in Table 1. Multislice computed tomog-
raphy angiography (CTA) was performed in all patients. Using
the commercial segmentation software Mimics (Materialise,
Leuven, Belgium), CTA data were commuted for reconstruc-
tion of 3 dimensional (3D) AAA geometry including intra-
luminal thrombus for later ﬁnite element analyses. Moreover,
3D imageswere used to record the precise sample excision site
and the orientation of the harvested AAA wall specimens
during surgery, as described in detail in a previous study.7 The
tissue samples were then divided into two corresponding
parts: one for biological analyses (approximately 15  3 mm)
and one for mechanical testing (20  8 mm). The part for
biological analysis was ﬁxed with 4% formalin and embedded
in parafﬁn. Formechanical analysis the specimenswere storedin lactate Ringer’s solution (130 mmol/L sodium chloride,
5 mmol/L potassium chloride, 2 mmol/L calcium chloride,
3 mmol/L sodium lactate) at 4 C until the tensile tests were
performed within 24 hours of surgery. Informed written con-
sent was obtained from all patients. The study was approved
by the ethics committee of the university hospital Klinikum
Rechts der Isar, Technische Universität München, Germany.
Mechanical testing
The harvested AAA wall samples were cut into n ¼ 54 indi-
vidual rectangular specimens (typically about 20mm 8mm)
and subjected to uniaxial tensile testing as described previ-
ously.7,14 Brieﬂy, tissue samples were cleaned of all non-vessel
wall components. Specimen thickness was averaged from ﬁve
measuring points using a Mitutoyo “Quick-Mini Series 700”
digital thickness gauge (Mitutoyo, Kawasaki, Japan). Elastic
properties and failure loads were determined using a Bose
Electro-Force 3100 tensile test machine (Bose Corporation,
Eden Prairie, USA). First, the tissue samples were exposed to a
cyclic sinusoidal test at frequency of 0.5 Hz with loading up to
approximately 0.20 MPa (depending on specimen thickness).
After applying 19 cycles of preconditioning, the data of the
20th cycle were used for evaluation.7,11,14,17 Following the
cyclic experiment, specimens underwent destructive testing
to measure the failure load. In both cases, the applied force
and the clamp displacement were recorded.Wall strength [N/
mm2] and failure tension [N/mm] were derived from
destructive testing7:
strength ¼ Fmax
A0
; failure tension ¼ Fmax
specimen width
with the maximum measured force Fmax and the initial cross
sectional area A0 and width of each specimen. For a more
detailed description of the experimental setup, the reader
is referred to Reeps et al.7
The parameters a [N/mm2] and b [N/mm2] of the
constitutive law utilized in the ﬁnite element stress and
strain analysis were determined from the cyclic experiments
using a LevenbergeMarquardt curve ﬁtting algorithm.7
Finite element analysis
FEA was performed as described previously in detail.7,14
Finite element models of the 3D AAA reconstructions were
created and the corresponding patient speciﬁc nonlinear
quasi-static structural ﬁnite element simulations were car-
ried out using an in house research code BACI.36 A hypere-
lastic constitutive law was used for the AAA wall based on
strain energy functions proposed by Raghavan and Vorp10:
J ¼ aðtrðCÞ  3Þ þ bðtrðCÞ  3Þ2
where tr(C) denotes the trace of the right Cauchy-Green
deformation tensor as a measure of strain. The two parame-
ters a and b can be interpreted as stiffness in the small strain
and the large strain regime, respectively. For the intraluminal
thrombus (ILT) the constitutive model proposed by Gasser18
Figure 1. Correlation between FEA computed local stress and strain and collagen I, III, and total collagen. (A) Scatter plots of signiﬁcant
correlations between local von Mises stress and collagen I, III, and total collagen. (B) Scatter plots of signiﬁcant correlations between von
Mises strain and collagen I, III, and total collagen. Collagen I, III, and total collagen content were multiplied with the wall thickness.
Biomechanics and Extracellular Matrix in AAA 169was used. Additionally, local AAA diameter at sample site and
normalized local diameter NORD [-] at the sample excision
site were determined from 3D reconstruction of the AAA.
For patients with an infrarenal abdominal aortic aneurysm
(n¼ 26), NORDwas normalized by dividing the local diameter
by the sub-renal aortic diameter. For juxtarenal aortic aneu-
rysm (n ¼ 5), normalization was as follows: if the aneurysm
reached the renal arteries, the aortic diameter between the
celiac and superior mesenteric artery minus 2.5 mm was
used instead. The correction term of 2.5 mm was the average
difference in diameter for these two positions in the complete
population of infrarenal AAAs.Histology and immunohistochemistry
Histological and immunohistochemical analyses were per-
formed on formalin ﬁxed parafﬁn embedded slices of 2e
3 mm in thickness. For histology, sections were stained with
hematoxylin/eosin (HE) and Elastic van Gieson (EvG) to
determine aortic wall morphology, extent of ECM compo-
nents, inﬂammation, and cellular composition. Sirius red
was used to evaluate the amount of total collagen, and
alcian blue was used to detect proteoglycans.
For immunohistochemistry, primary antibodies against
elastin (Abcam, Cambridge, UK; dilution 1:1,000), collagen I
(Rockland, Gilbertsville, PA, USA; dilution 1:2,000), and
collagen III (Rockland; dilution 1:300) were applied to evaluate
the extent of the individual component of ECM. The sections
were exposed to the ﬁrst antibody for 1 hour at roomtemperature. An LSAB ChemMate Detection Kit (rabbit anti-
mouse; Dako, Glostrup, Denmark) was used for visualization.
Quantiﬁcation of collagen, elastin, and proteoglycans
Quantiﬁcation of histological and immunohistochemical
specimens was performed by computational image analyses.
Digital images of IHC stained slides were obtained at 20
magniﬁcation using a whole slide scanner (ScanScope CS,
Aperio), and analyzed using Adobe Photoshop CS5. First, the
whole vessel area was determined as a number of pixels
against the background and set as 100%. Thereafter, the
stained area for each staining (collagen I, III, total collagen,
elastin, and proteoglycans) was labeled. In all cases the proper
adjustment was re-evaluated visually to ensure that only the
stained areawas selected.The relative area of collagen, elastin,
or proteoglycans was then calculated by dividing the number
of pixels of the stained area by the number of pixels of the
entire tissue area on the individual slide and displayed as a
percentage of the ECM component in the analyzed section.
As the mechanical quantities from tensile testing involve
the macroscopic wall thickness, the percental area of the
stained components of ECM was multiplied by the thickness
of the corresponding aortic tissue sample to obtain quan-
tities that are mechanically meaningful to correlate.
Statistics
All results were analyzed using SPSS for Windows version 20.0
(SPSS Inc., Chicago, IL, USA). To compare values of continuous
170 F. Tanios et al.variables, the non-parametric ManneWhitney U test was
used. The KruskaleWallis test was carried out for analysis of
statistical differences between more than two groups. Corre-
lations between continuous variables were quantiﬁed using
Spearman’s rank correlation coefﬁcient (r). The statistical
comparisons were performed two-sided, and differences be-
tween study groups were considered signiﬁcant at p < .05.
RESULTS
ECM components versus mechanical stress and strain state
in the AAA wall
For investigation of potential mechano-biological interactions,
the total amount of the individual components of ECM was
compared with local strain and stress state of the AAA vessel
wall obtained from FE simulation at the sample excision site
(Fig. 1). Interestingly, the content of collagen I and III and total
collagen correlated positively with the calculated von Mises
stress (r ¼ .405, .323, and .296, p ¼ .002, .017, and .030,
respectively) and likewise with von Mises strain (r ¼ .406,
.338, and .315, p ¼ .002, .012, and .020, respectively).
ECM components versus mechanical properties of AAA
wall
The macroscopic mechanical properties of AAA wall,
assessed by cyclic sinusoidal and destructive tensile testing,
revealed a positive correlation corresponding to ECM
composition (Fig. 2). Collagen I, total collagen, and pro-
teoglycans were positively correlated with the failure ten-
sion of the AAA wall obtained by destructive testing
(r ¼ .302, .301, and .329, p ¼ .037, .038, and .022,
respectively). Further correlations were observed betweenFigure 2. Correlation between mechanical properties and ECM compo
tension and collagen I, total collagen, and proteoglycans. (B) Scatter plo
and total collagen and b-stiffness with proteoglycans. Wall thickness scollagen I, III as well as total collagen and a-stiffness of the
AAA wall (r ¼ .361, .298, and .374, p ¼ .011, .038, and .008
respectively), while proteoglycans correlated only with b-
stiffness (r ¼ .313, p ¼ .028).
ECM components versus geometrical AAA parameters
Interestingly, the content of the different collagens within
the AAA vessel wall (Fig. 3) was correlated negatively with
intraluminal thrombus thickness (collagen I and III, and total
collagen; r ¼ .399, .315, and .331; p ¼ .003, .020, and
.015, respectively). No correlations were observed between
thrombus thickness and elastic ﬁbers or proteoglycans.
Additionally, local and normalized local AAA diameter
correlated signiﬁcantly negatively with the amount of
elastin (r ¼ .370 and .409, p ¼ .006 and .002, respec-
tively) (Fig. 4). The other components of ECMs did not show
any signiﬁcant relationships with the diameter.
ECM composition in AAA wall
The total amount of the individual components of ECM
within the aortic wall was expressed as a relative percent-
age as described above. The following results were
observed: the average amount of collagen I was 44.75%
(2.8e78.07) and collagen III was 62.18% (36.69e83.75).
Total collagen was 57.46% (35.18e87.22), elastin was only
0.68% (0e14.99) and proteoglycans were 37.19% (1.7e
79.8) of the total area (Fig. 5).
DISCUSSION
The development of AAA is a highly complex biological
process with permanent remodeling of ECM, maintainedsition. (A) Scatter plots of signiﬁcant correlations between failure
ts of signiﬁcant correlations between a-stiffness and collagen I, III,
caling was performed as described in Fig. 1.
Figure 3. Correlation between thrombus thickness and collagen. Scatter plots of signiﬁcant correlations between local thrombus thickness
at sample site and collagen. Wall thickness scaling was performed as described in Fig. 1.
Biomechanics and Extracellular Matrix in AAA 171by mechanical forces acting constantly on the aortic wall.
Previous studies have already focused either on the me-
chanical or on the biological properties of abdominal aortic
aneurysms,14,19e22 but did not consider both aspects in
one work. The only study showing tensile tests and histo-
logical features of the diseased aorta was the work of
Pierce et al.23 However, the authors did not quantify their
histological ﬁndings and did not correlate mechanical and
biological properties of the AAA wall. Therefore, in the
present study, the interdependencies of vascular collagen
and other ECM proteins were evaluated with the calculated
mechanical loads in the AAA vessel wall for better under-
standing of the interactions between mechanical parame-
ters and biological components of aneurysm wall, and
consecutively of remodeling processes in AAA. The most
relevant components of ECM as collagens, proteoglycans,
and elastic ﬁbers were analyzed by quantitative histology
and immunohistochemistry, and their amounts compared
with the mechanical properties and biomechanical condi-
tions of the corresponding AAA tissue samples.
Notably, signiﬁcant correlations were observed between
collagen amounts (collagen I, III, and total collagen) and
computational stress and strain, as well as AAA wall failureFigure 4. Correlation between the local and NORD diameter of AAA an
diameter, NORD and elastic ﬁbers. Wall thickness scaling was performtension. These ﬁndings indicate the high relevance of me-
chanical loads for collagen synthesis in vivo as a conse-
quence of compensatory tissue repair mechanisms in the
AAA wall, until rupture occurs, when signiﬁcantly increased
wall stress ﬁnally exceeds the stability of the withstanding
AAA wall.7,15 In agreement with previously published
studies,24e26 only few elastic ﬁbers were detected, whereas
collagens, namely type I and III, were the predominant
structural components of AAA wall being about 30e40%
each.26,27 These results underline the importance of
collagen synthesis to countervail the mechanical stresses
and maintain the integrity of the aortic wall,28e30 but do not
grant the physiological wall elasticity, which is given only by
elastic ﬁbers.
Moreover, proteoglycans were reduced in AAA tissue
samples analyzed in this work. This is congruent with pre-
vious studies, where the reduction of proteoglycans and
their components such as biglycan and decorin was
observed in AAA wall compared with normal aorta.31e34
Furthermore, the degradation of proteoglycans is medi-
ated by the activation of matrix metalloproteinases (MMPs),
especially MMP-3 and MMP-7, as shown in a previous
study.35 It has been demonstrated in vitro that the amountd elastin. Scatter plots of signiﬁcant correlations between local AAA
ed as described in Fig. 1.
Figure 5. Relative amount of individual ECM components in AAA
specimens. Box and whisker plots of the content of collagen I, III,
and total collagen, proteoglycans, and elastin. The content of each
ECM component was determined by quantitative area measure-
ment and displayed as a relative percentage of the total vessel
area. Collagen I and III, and elastin were determined by immu-
nohistochemistry, total collagen by Sirius red, and proteoglycans
by Alcian blue.
172 F. Tanios et al.of proteoglycans differs with mechanical loads.36 Thus, the
observed reduction of proteoglycans was associated with a
signiﬁcantly decreased failure tension and wall stiffness in
material testing. Consequently this reduction might be a
sign of aortic wall destabilization, accelerated progression,
and increased risk of rupture.
Regarding the analyzed geometrical parameters, the
thickness of thrombus was correlated negatively with the
collagen content (type I, III, and total collagen), suggesting
that thrombus may partially withstand the direct impact of
hemodynamic tractions on the aortic vessel wall, thus
reducing the need for compensatory collagen synthesis.
These results are in agreement with those of a previous
study showing a relevant reduction of aortic wall stress by
thrombus.14 Furthermore, it has been discussed that ILT
may contribute to wall hypoxia and that the decrease of
collagen synthesis upregulates the activation of MMP.37
Moreover, AAA local and normalized local diameter
(NORD) correlated negatively with elastin, but not with
collagens. This expected result indicates that elastin does
not contribute to repair processes because of the almost
non-existent level of synthesis of new elastin in the adult
aorta.38
As expected, the failure tension of AAA wall obtained
from destructive tests was signiﬁcantly increased with
increasing collagen amount (collagen I and total collagen)
and also with proteoglycans. Likewise, alpha (a)- and beta
(b)-stiffness representing the elastic properties of AAA wall
show similar correlations. a-Stiffness, describing the initial
stiffness of the specimen in the low strain regime, corre-
lated positively with the amount of collagen I, III, and total
collagen, while b-stiffness, representing the stiffness in thehigh strain regime correlated only with proteoglycans. These
ﬁndings reﬂect that proteoglycans and collagens are in close
association with each other and proteoglycans stabilize the
structure of collagen ﬁbers.33,36 Consequently, these facts
emphasize the important role of compensatory collagens
and proteoglycans synthesis in maintaining the structural
integrity and stability of the aortic wall during AAA pro-
gression, as a reaction to increased mechanical loads.
This study has several study limitations. It must be noted
that there was considerable heterogeneity between the
individual AAA tissue samples with respect to the amounts
of collagen, proteoglycans, and elastic ﬁbers. Furthermore,
in the current study, only histological analysis and quanti-
tative determination of area were performed, which does
not necessarily rely on the real amount of protein as, for
example, western blotting or ELISA. However, there was
access only to formalin ﬁxed specimens and it was impos-
sible to extract intact proteins from such preserved tissues.
Nevertheless, the future intent is to collect fresh AAA wall
samples in a prospective study to perform quantitative
protein analysis and to validate the current results. In
addition, it was not possible to include an age and gender
matched control group in this study because of the inability
to obtain healthy aortic tissue samples.
In summary, the present results conﬁrm the key role of
major ECM components in AAA in macroscopically observ-
able mechanical wall properties by comparing histological
ﬁndings with mechanical tests. Collagens, especially type I,
are important for vessel stability and corresponded
accordingly with von Mises strain and stress of the aortic
wall. Furthermore, thrombus seems to reduce the forces
acting on the vessel wall and leads to decreased collagen
synthesis. Thereby proteoglycans appear to act in the same
manner as collagens and improve the vessel wall stability.
Further studies are required, especially to investigate the
potential role of proteoglycans in the mechanical properties
of aortic wall.
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J Biomech 2008;42(4):531e6.Eur J Vasc Endovasc Surg (2015) 50, 174COUP D’OEILEndovascular Treatment of a Traumatic Distal Internal Carotid
Pseudoaneurysm
K. Spanos *, A.D. Giannoukas
Vascular Surgery Department, University Hospital of Larissa, Faculty of Medicine, School of Health Sciences, University of Thessaly, Larissa, GreeceComputed tomography (CT) scanning of a 25 year old man with head and neck injuries after a trafﬁc accident showed a
left distal internal carotid artery pseudoaneurysm due to a mandibular fracture (yellow arrow). Endovascular repair was
performed under general anaesthesia via a cut down to the proximal common carotid artery with cerebral oxygenation
monitoring (INVOS system; Covidien, Mansﬁeld, MA, USA), with a covered Viabahn stent (6  50 mm; Gore, Flagstaff, AZ,
USA). The patient was discharged on dual antiplatelet therapy (clopidogrel 75 mg and aspirin 100 mg). One year later, the
patient is doing well and on CT scan the pseudoaneurysm remains excluded and the covered stent patent (green arrow).
